is the main yellow pigment in salted radish roots (takuan-zuke). In the present study, we investigated the content of 1-(2-thioxopyrrolidin-3-yl)-1,2,3,4-tetrahydro-β-carboline-3-carboxylic acid (TPCC) as a precursor of the yellow pigment and TPMT in commercial takuan-zuke. The total content of stereoisomers was 0.2-36.4 mg/100 g (2-364 ppm) for TPCC, and 0-6.6 mg/100 g (0-66 ppm) for TPMT. TPCC and TPMT showed radical scavenging activity against ABTS radical cation than the classical antioxidant (ascorbic acid and Trolox). The antioxidative activity showed no differences for TPCC stereoisomers, but showed differences for E/Z ratiocontrolled TPMT solutions.
Introduction
Takuan-zuke, the salted or dried radish root that is pickled in salty rice bran, is a traditional food in Japan. It was originally defined as the processing radish that is now called genboku, a raw material used in various pickled products. Takuan-zuke now refers to genboku that has been further pickled in seasoning liquid and is classified into hoshi-takuan and shio-oshi-takuan depending on the initial method of processing the radish. Hoshi-takuan is first dried and pickled in salty rice bran paste and then further pickled in seasoning liquid. Shio-oshi-takuan is compressed and salted, and then further pickled in seasoning liquid. In addition, Sato-shiboridaikon is the one that salted radish was pickled in seasoning liquid containing liquid sugar syrup.
The radish root turns yellow during the several months of the salting and fermenting processes. Yellowing effects increase particularly in summer, and the generated yellow pigment is related to radish pungent component, 4-methylthio-3-butenyl isothiocyanate (MTBITC) (Ozawa et al., 1990c) . MTBITC is mainly converted to 2-thioxo-3-pyrrolidinecarbardehyde (TPC) in the presence of water (Uda et al., 1990) , with 1-(2-thioxopyrrolidin-3-yl)-1,2,3,4-tetrahydro-β-carboline-3-carboxylic acid (TPCC) formed as a precursor through the Pictet-Spengler reaction with L-tryptophan (Ozawa et al., 1990a , Ozawa et al., 1990b . We previously reported that TPCC is unstable under neutral pH and is easily converted into (E)-2-[3-(2-thioxopyrrolidin-3-ylidene)methyl]-tryptophan ((E)-TPMT) as the main yellow pigment (Matsuoka et al., 2002) . (E)-TPMT was isomerized to (Z)-TPMT by long wave UV irradiation, and the isomerization from (Z)-to (E)-form is induced by Vislight irradiation (Matsuoka et al., 2008) . The color of (Z)-TPMT is a darker yellow than (E)-TPMT and fades easily by Vis-light irradiation, indicating the important role of (Z)-TPMT in the yellow color of takuan-zuke. Figure 1 shows the formation of the yellow pigment from MTBITC. Tetrahydro-β-carbolines occur in many foods and exhibit a broad range of pharmacological and biological activity (Herraiz, 2000) . They can function as neurotransmitters and neuromodulators (Buckholtz, 1980) . Recently, Herraiz and Galisteo reported that tetrahydro-β-carbolines in foods and biological systems act as radical scavengers in the 2,2'-azinobis-(3-ethylbenzothioazoline-6-sulfonic acid) (ABTS) radical cation assay (Herraiz and Galisteo, 2002) .
L-Tryptophan is an essential amino acid for humans, and as the precursor of the neurotransmitter serotonin, it regulates physiological mechanisms. Several tryptophan derivatives also function as free radical scavengers and antioxidants, stimulating a number of antioxidative enzymes and stabilizing cell membranes (Reiter et al., 1999) . Thus, TPCC and TPMT may be applied for uses other than is current use as a pigment. As only mutagenic and antimutagenic properties of TPCC and TPMT have been reported (Ozawa et al., 1999 , Matsuoka et al., 2002 , we investigated the amount of TPCC and TPMT in commercial takuan-zuke and their radical scavenging activities using an ABTS radical cation assay.
Materials and Methods
Materials ABTS and Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acids) were purchased from Sigma-Aldrich Co. (Tokyo, Japan). Potassium persulfate was purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). MTBITC was prepared from radish sprouts according to our previously described method (Uda et al., 1990) . Quantitative analysis of TPCC and TPMT in commercial takuan-zuke All takuan-zuke samples (hoshi-takuan, shiooshi-takuan, and sato-shibori-daikon) and ggaktugi (cubed radish kimchi) were purchased from a local market; ggaktugi is a radish sprinkled with chili peppers and pickled in salt, seasoning, and fish sauce. TPCC and TPMT were extracted from each sample as described previously (Matsuoka et al., 2002) and then analyzed by HPLC with using an eluent of acetonitrile: 25 mM phosphate buffer (pH 6.6) (18:82, v/v) for 6 min; flow rate was kept constant at 0.6 mL/min and the column temperature was 40℃. TPCC and TPMT were detected at 268 nm and 380 nm, respectively.
To separate the TPMT enantiomers extracted from salted radish (genboku), derivatization by L-FDAA (Marfey and Ottesen, 1984) was done. The mixture of 50 µL of 0.5% L-FDAA (in acetone), 100 µL of 1 M sodium bicarbonate, and sample solution (100 µL) was incubated for 60 min at 40℃. The reaction was terminated by the addition of 100 µL of 1 M HCl, and the samples were then diluted with 475 µL methanol. These solutions were analyzed by HPLC and LC-MS. Analytical HPLC was performed with Agilent series 1100 instrument with a photodiode array detector and a Mightysil RP-18 column (150 × 3 mm I.D., Kanto Chemical Co., Ltd., Tokyo, Japan). The mobile phase was composed of acetonitrile (Solvent A) and 25 mM ammonium acetate buffer (pH 6.6, Solvent B). Elution was performed with a linear gradient from 15% to 35% Solvent A for 30 min. The column temperature was maintained at 45℃ and the flow rate was 0.4 mL/min. Derivatives of TPMT were detected at 340 nm.
LC-MS analysis was performed using an Agilent HPLC-MSD series 1100 instrument. MS analysis was carried out by electrospray ionization (ESI) in the positive mode. The desolvation temperature was 350℃, and the capillary volta. TaKahashi et al. age was 3.5 kV. Nitrogen was used as the desolvation and nebulizer gas.
Preparation of TPCC and TPMT TPCC was synthesized from MTBITC and L-or d-tryptophan according to the method described previously (Ozawa et al., 1999) . The diastereoisomeric mixture of (1S,3S,3'R)-and (1R,3S,3'R)-TPCC was subsequently separated by preparative ODS-HPLC. TPMT derived from TPCC (diastereoisomeric mixture) was prepared according to our previously described method (Matsuoka et al., 2002) . The enantiomers of synthesized TPMT were analyzed as described above.
ABTS radical cation scavenger test The effect of TPCC and TPMT on the ABTS radical cation (ABTS •+ ) was estimated according to the method of Re et al. (1999) . ABTS was dissolved in ultra pure water to a final concentration of 7 mM and the ABTS To compare the radical scavenging activity of geometrical isomers of TPMT, E/Z ratio-controlled solutions were also examined. The TPMT solution (100 ppm) in phosphate buffer (pH 5.0) was exposed to visible light at 460 nm for 15 min (Solution A). Solution A was re-irradiated at 370 nm (Solution B). These solutions were prepared with bubbling nitrogen. Irradiation was carried out using the excitation monochromator of a Shimadzu RF-1500 spectrofluorometer (Kyoto, Japan). From the HPLC analysis, the E/Z ratio of Solutions A and B was 96:4 and 0.95:1, respectively (Matsuoka et al., 2008) . In test tube, the reaction mixture contained ABTS
•+ solution, Solution A or Solution B
(0-23.81 μM) and 70% methanol at a final volume of 1 mL. The mixture was allowed to react for 15-90 sec after initial mixing. The absorbance was measured using a Hitachi U-2000 double-beam spectrophotometer. Molecular modeling method Calculation of the lowest energy conformer was done using conformer plug-in in the Marvin suite academic package (version 5.1.03, Chemaxon, Budapest, Hungary) on an Apple MacBook Pro computer running MacOS 10.5.6.
Results and Discussion
The amounts of TPCC and TPMT in takuan-zuke samples are presented in Table 1 . In our previous study (Matsuoka et al., 2002) , we found that salted rad- ish roots (genboku) contained about 50 ppm TPCCs ((1S,3S,3'R)-TPCC:(1R,3S,3'R)-TPCC = 4:1) and about 6 ppm TPMT. In the commercial takuan-zuke, the content of (1S,3S,3'R)-and (1R,3S,3'R)-TPCCs as precursors of the yellow pigment was 0-8.1 mg/100 g (0-81 ppm) and 0.2-28.3 mg/100 g (2-283 ppm), respectively. The ratio of (1S,3S,3'R)-TPCC to (1R,3S,3'R)-TPCC was about 3:1. TPMT, the main yellow pigment, contained 0-6.6 mg/100 g (0-66 ppm). On average, the amount of TPCCs in hoshitakuan was about 5-fold that in shio-oshi-takuan, while the amount of TPMT was 13-fold. Thus, shio-oshi-takuan appears to contain scarce amounts of TPCCs and TPMT, most likely because it is manufactured from a desalinated salted radish (genboku). In contrast, ggaktugi contained only TPCC and no TPMT, indicating that the amount of TPCC is related to the level of fermentation with lactic acid bacteria.
As the L-isomer of amino acids is known to elute prior to the d-isomer, based on an analysis of L-FDAA derivatives (Fujii et al., 1997) , we analyzed TPMT as the analogue of tryptophan. TPMT synthesized from MTBITC and L-tryptophan resulted in only the L-isomer. Similarly, only d-TPMT was generated from d-tryptophan. Taken together with previous results (Ozawa et al., 1999) , TPCCs generated from MTBITC and L-tryptophan afford (1S,3S,3'R)-and (1R,3S,3'R)-isomer. In contrast, TPMT extracted from salted radish roots (genboku) afforded only the L-form. As commercial takuan-zuke is made from salted radish roots (genboku), only the L-form of TPMT in commercial takuanzuke is expected to be obtained.
The activity of TPCC and TPMT synthesized from MT-BITC and tryptophan as radical scavengers was measured with the ABTS radical cation assay. TPCC and TPMT showed antioxidant activity that was stronger than the classical antioxidant ascorbic acid and Trolox, but weaker than catechin (Fig. 2) . Linear curves were obtained with concentrations of the compounds lower than 10 µM, suggesting that the reaction in not significantly affected by possible side reactions. No difference was observed in the activity of (1S,3S,3'R)-and (1R,3S,3'R)-TPCC or in the activity of either the enantiomers of tryptophan or TPMT. The antioxidant activity of samples was expressed as Trolox equivalent antioxidant capacity (TEAC) (µM), which represents the concentration (µM) of Trolox, with the same activity as 1 µM of the sample. Similar antioxidant values of TEAC ranging from 2.52 to 2.68 µM were obtained for tryptophan and TPMT. The TEAC value of tryptophan and TPMT was higher than that of ascorbic acid (0.93 µM) and Trolox, and were 75% of catechin (3.45 µM). The TEAC value of TPCC was 1.48-1.61 µM and about 50% of catechin. MTBITC showed hardly any antioxidant activity against the ABTS •+ .
Tryptophan is converted to kynurenine and N-formylkynurenine through the cleavage of indole ring by hydroxyl radical attack or one-electron oxidation (Maskos et al., 1992) , and tetrahydro-β-carboline carboxylic acids are decarboxylated to afford the fully aromatic compounds after reaction with the ABTS •+ (Herraiz and Galisteo, 2002) , suggesting antioxidative ability of TPMT and TPCC. Most of TPMT prepared from TPCC by our previously described method was the E-form. (E)-TPMT is isomerized to (Z)-TPMT by long wave UV irradiation. To compare the radical scavenging activity of these geometrical isomers, the effect of E/Z ratio-controlled solutions (Solutions A and B) on the ABTS
•+ was examined. The radical scavenging activity of Solution B was higher than that of Solution A; this remarkable activity remained for a short time (Fig. 3) . Thus, (Z)-TPMT appears to react with ABTS •+ earlier than (E)-TPMT. Calculation of the lowest energy conformer of TPMT showed that indole and thioxopyrrolidine of the (E)-TPMT molecule were a coplanar structure (Matsuoka et al., 2002) , and the energy of E-and Z-forms was calculated to be 56.36 kcal/mol and 59.69 kcal/mol, respectively. These results suggested that the reactivity of (Z)-TPMT to ABTS
•+ is higher than that of (E)-TPMT. The formation of the (Z)-TPMT contributes to yellowing of takuan-zuke, even though this isomer is more sensitive to light irradiation than the E-isomer (Matsuoka et al., 2008) . E-isomerization of (Z)-TPMT under visible light irradiation may therefore cause partial discolorization of the commercial takuan-zuke. Moreover, as some of the β-carbolines are accumulated in human tissues, offering protection against oxidative stress (Pari et al., 2000) , TPCC and TPMT might also prevent deterioration in the quality of takuan-zuke by oxidation and exhibit antioxidant activity in human tissues. Quantitative Analysis of Yellow Pigment in Takuan-zuke and Their ABTS Radical Cation Scavenging Activity
